Nanoscopic Co 3 O 4 particles were prepared using avian egg membrane as a template at 800 °C. The prepared materials were subjected to XRD, SEM, TEM and Raman spectroscopic studies. Cyclic voltammetry study shows a single step oxidation and reduction process. Electrochemical lithium insertion behavior of the materials was examined in coin cells of the 2032 configuration. The material showed a discharge capacity 600 mAh/g even after 20 cycles.
Introduction
The evolution of lithium-ion batteries can be traced to problems associated with the use of metallic lithium in rechargeable lithium batteries. Although graphite is the most popular anode material in lithium-ion batteries, with a specific capacity of only 372 mAh/g, it fares poorly compared to metallic lithium with a specific capacity of 3862 mAh/g. Thus, great efforts are being made towards development of a variety of other anode materials such as lithiumalloying metals, electro-active polymers and silicon. Research in such high-capacity anode materials is driven by demanding power requirements in emerging applications as in electric vehicles. Conventional wisdom on electrochemical insertion reactions in lithium-ion batteries requires electronically conducting electrode materials with crystallographic voids that can support lithium diffusion. In that sense, interstitial-free 3d-metal oxide structures are considered unsuitable for intercalation chemistry. Recently, however, there has been a spurt in papers reporting the use of several oxides, oxysalts, nitrides, fluorides, phosphides, sulphides and borides as anode materials for lithium-ion battery chemistry.
1-7 Tarascon et al. 1,2 described the associated reactions, which can involve as many as four electrons per 3d metal, 2 as conversion reactions. The active material is created internally by an initial conversion reaction in which the compounds react with lithium to yield nanometallic particles. 1, 2, 8, 9 Reversible capacities as high as 1000 mAh/g have been realized with such conversion anodes. It is also possible to realize an improvement in cyclability if mesoporous structures can be generated by reaction with lithium through insertion or conversion processes. [10] [11] [12] [13] For example, β-MnO 2 in its bulk state is electrochemically inactive while in mesoporous form it can react reversibly react with 0.92 lithium.
11,13
Several groups have investigated the spinel structured Co 3 O 4 as an anode material in lithium-ion batteries.
1,14-16
Various synthetic routes have been adopted for the synthesis of this material: thermal deposition (300-400 °C), 11 19 Very recently, the advantages of using egg shell membranes for the synthesis of hierarchically ordered macroporous particles with high surface area was introduced by Yang and coworkers.
20
The method is simple and inexpensive. In this paper, we describe the lithium insertion behavior of conversion electrodes based on Co 3 O 4 prepared with avian egg shell membrane as a template.
Experimental
Sample Preparation. The procedure for the preparation of Co 3 O 4 is similar to the one adopted by the authors for the synthesis of LiMn 2 O 4 described elsewhere. 21 Fresh eggs obtained from a local poultry were carefully broken at the blunt end and were emptied of their contents. The eggshells were repeatedly washed in water, and the inner shell membrane and the limiting membrane were removed with a pair of tweezers. The eggshells with the outer shell membrane were dipped in 2 M HCl to dissolve the calcium carbonate shell. The undissolved outer membrane was washed thoroughly with water and dried in an air oven maintained at 40 °C. The dried membranes were then soaked in a methanol solution of Co(NO 3 ) 2 ·6H 2 O, the excess solution swabbed with a filter paper, and dried at 110 °C. The precursor-laden eggshell membranes were subsequently subjected to heat treatment at 800 °C for 10 h.
Characterization. Structural features of the Co 3 O 4 product was analyzed by powder X-ray diffraction, microscopic studies and Raman spectrometry. X-ray diffraction patterns were recorded between 10 and 80° on a Rigaku D/Max 2500 X-ray diffractometer fitted with a nickel-filtered Cu K α radiation source. Raman spectra were recorded on a System-1000 Raman spectrometer with Renishaw software. Particle size and surface morphology of the product were examined by an FE-SEM S-4700 model Hitachi scanning electron microscope and a JEM-2010 model Jeol transmission electron microscope.
Electrochemical Studies. The Co 3 O 4 electrodes for electrochemical studies were prepared as follows. A pellet containing 20 mg of the active material and 12 mg of "Teflonized" acetylene black in iso-propyl alcohol was pressed and pasted on a nickel mesh current collector (2.0 cm 2 ), and dried at 100 °C for 12 h in a vacuum oven. The composite Co 3 O 4 electrodes were coupled with lithium (Cyprus Foote Minerals) in coin cells of the 2032 configuration. A 1 M solution of LiPF 6 in a 1:1 (v/v) mixture of EC-DMC was used as the electrolyte. The cells were assembled in an argon-filled glove box (OMNI-LAB system) in which the oxygen and moisture contents were maintained below 2 ppm. Galvanostatic charge-discharge profiles were recorded between 3.000 and 0.002 V at C/10 rate on a computercontrolled battery-testing unit (BTS 2004, Japan). Slow scan cyclic voltammetric experiments were performed in a threeelectrode glass cell in which lithium metal foils served as counter and reference electrodes. The electrolyte used was the same as that for the coin cell. Cyclic voltammograms were run on a Solartron 1287 electrochemical interface at a scan rate of 1 mV/s between 0.005 and 3.000 V.
Results and Discussion
XRD Analysis. The powder X-ray diffraction pattern of the Co 3 O 4 synthesized is presented in Figure 1 . The high intensities of the peaks suggest a high order of crystallinity of the product. All diffraction peaks are indexable to the pure cubic phase of Co3O4 [space group Fd3m (227)], and are in good agreement with the standard values (JCPDS-ICCD Card No: 42-1467). The absence of any extraneous peaks suggests that the product is single phase and is of high purity. The value of the lattice parameter a calculated from the XRD data is 8.101 Å. The value is consistent with those reported for Co 3 O 4 .
20 The crystallite size of the particles, as calculated by using the Debye-Scherrer relation, 21, 22 which relates the full width at half maximum, FWHM, β, of an Xray peak to its corresponding cosθ value by
where λ is the incident X-ray wavelength and τ is crystallite size, is 30 nm. Microscopic Studies. The SEM image of a dried egg membrane template presented in Figure 2 (a) shows a macroporous network of interwoven and coalescing membrane fibers with diameters ranging from 0.5 to 2 μm. 21 Furthermore, the voids formed by the interwoven fibers range between 5 and 20 μm. The outer shell membrane of avian eggshells used in this study contains functional groups such as amines, amides and carboxylates, 23 which can help anchor cations. Because of the anchoring, the outer shell membrane should function as a fugitive templating phase. That is, once the membrane with the precursor cations pinned to it gets burnt in the heating step, it leaves behind an ordered macrostructure of the ceramic product, whose morphology would simply be a replica of the framework structure of the membrane. Figure 2(b) is an SEM image of the Co 3 O 4 product, which shows somewhat disjointed flake-like crystals averaging about 600 nm in size distributed in a macroporous matrix with open voids in the range 0.5-2 μm. The smaller open voids in the product suggest that there is a considerable shrinkage in the network structure of the eggshell membrane (from 5-20 μm to 0.5-2 μm) due to loss of moisture and other volatiles from the membrane during the thermal processing.
More insight on the morphology and microstructure was obtained from transmission electron microscopic and high resolution transmission electron microscopic examinations (Fig. 3) . The TEM image (Fig. 3(a) ) shows rounded, sometimes dumb-bell shaped, particles of size less than 30 nm. In Figure 3 (b) are given HRTEM images of individual nanoparticles, which reveal continuous lattice fringes, and thus their high crystalline structure. The observed layer separation corresponds to the (111) 14 The Raman spectrum presented in Figure 4 exhibits four well-defined peaks at 484, 514, 609 and 693 cm -1 , which can be assigned to the Raman active modes of Co 3 O 4 , i.e., T 2g , E g , and A 1g symmetries, respectively.
26
However, two weak peaks around 510 and 610 cm −1 and two intense Raman bands at 470 and 670 cm −1 were not noticed in the spectra at ambient conditions. The band at 670 cm −1 is attributed to the characteristic of the octahedral sites [CoO 6 ], which is assigned to the A 1g species in the O h 7 spectroscopic symmetry. 26 The medium intensity Raman bands at 470 and 510 cm −1 have the E g and F 2g (2) symmetries, respectively, whereas the weak band at 610 cm −1 has the F 2g (1) symmetry, which can be depicted as a sum of the (A 1g +E g +2F 2g ) symmetries.
Electrochemical Studies. The cyclic voltammogram of Co 3 O 4 is shown in Figure 5 . The first and fifth cycles are indicated separately. A characteristic reduction peak at 1.0 V and a corresponding oxidation peak at 2.18 V can be seen. The reactions associated with the current peaks can be described as follows. Lithium insertion process:
Lithium extraction process:
It is well established that upon recharge the active material does not revert to the spinel Co 3 O 4 oxide but to the monoxide, CoO. [26] [27] [28] It can be seen that the difference between the potentials of the peaks get reduced with cycling, suggesting a reduction in polarization from the first cycle (with the as-prepared Co 3 O 4 ) to the subsequent cycles (with the in situ formed material).
The charge-discharge profiles of Li/Co 3 O 4 cell are displayed in Figure 6 . The first-cycle lithium insertion capacity is 1150 mAh/g. However, only 800 mAh/g of lithium could be retrieved, which corresponds to a first-cycle irreversible capacity loss of 30%. This loss in capacity is attributed to the formation of Li 2 O in the initial conversion reaction (eq. 2). In the next two cycles the coulombic efficiencies were more than 95%, and reached 100% in the fourth cycle. The profiles are similar to those reported for nano/micro particles of Co 3 O 4 reported previously. 16, [26] [27] [28] [29] There are two distinctively clear potential regions: a flat plateau associated with the conversion reaction and a sloping region ascribed to the formation of a surface layer. In the first cycle, the discharge curve has a plateau at around 1.25 V, which accounts for about 150 mAh/g of the capacity (or a lithium content of 1.5 per Co 3 O 4 molecule). According to Tarascon et al., 27 this plateau is due to the formation of α-CoO phase. This is followed by a long plateau, which is associated with Eq. (2). 26, 29 Thereafter, the voltage drops falls gradually to the cut-off potential. The sloping voltage region is attributed to the formation of a polymeric surface layer on the electrode particles 30 or to storage of charge/mass at the interface between the Li 2 O and Co nanoparticles in the electrode matrix.
31 Bruce et al., 16 based on their results that showed that the capacities represented by the sloping region did not correspond to surface areas of the electrode material, suggest that the dominant charge storage mechanism is formation of a polymeric surface layer.
The discharge capacity (deinsertion capacity) as a function of cycle number is depicted in Figure 7 . It can be noted that the material cycles well over the 20 cycles studied thus far. The fade in capacity observed with the present sample (10.75 mAh/g) is much lower than that for Co 3 O 4 nanorods prepared by Yang et al. 20 The small sizes of the particles in the conversion electrodes together with the polymeric electrolyte layer supposed to be generated in the first lithiation step help buffer strains during the electrochemical process. It must be pointed out that the high surface areas presented by the particles facilitate extensive formation of the polymeric surface layer. The small sizes of the particles in the conversion electrodes together with the polymeric electrolyte layer supposed to be generated in the first lithiation step help buffer strains during the electrochemical process.
Conclusions
We have synthesized macroporous Co 3 O 4 made up of crystals averaging 30 nm in size by a replica method using avian eggshell membrane as a template. Like other forms of Co 3 O 4 -based conversion electrodes, this product also undergoes conversion reaction evidenced by a flat potential plateau and a surface polymer film formation reaction in a subsequent sloping potential plateau. Based on the charge input, it can be assumed that during the initial stages of the lithiation reaction, a product of the formula Li 1.5 Co 3 O 4 is formed. At C/10 rate, the material delivered capacities around 800 mAh/g. This study demonstrates the use of avian egg membrane as an inexpensive and easily available biological membrane for the preparation of conversion electrodes based on Co 3 O 4 .
